studies have assessed compliance of the aorta by measuring the pressure -strain modulus proposed by Peterson et al. 11 The elastic modulus (Ep) is calculated as ∆P · Dd/∆D. The stiffness parameter ( ) has been clinically demonstrated by Hirai et al to be an independent parameter of the intraluminal pressure within the physiologic range. 12 It represents the slope of the exponential function relating the relative arterial pressure and the distention ratio of the artery and characterizes the entire deformation behavior of the vascular wall. It is calculated as: = In (SBP/DBP) / (∆D/Dd).
Assessment of Atherogenic Risk Factors
We measured several parameters related to atherogenic risk factors: fasting blood sugar (FBS), total cholesterol (TC), triglyceride (TG), high-density lipoprotein -cholesterol (HDL-C), and low-density lipoprotein -cholesterol (LDL-C) levels. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. Subjects were considered as having diabetes mellitus if they had previously taken oral hypoglycemic agents or insulin, received diet therapy, or had been diagnosed by the 75-g oral glucose tolerance test in which the fasting venous glucose level was more than 140 mg/dl or if the glucose level at 120 min was more than 200 mg/dl. Subjects were considered as hypertensive if their in-hospital systolic pressure was ≥140 mmHg or diastolic pressure was ≥90 mmHg, or if they were known to have been treated for hypertension before admission. Family history was significant if there was a history of cardiovascular disease in a third degree or closer relative. Smoking was defined as regularly smoking at least one cigarette per day, either currently or in the past. Coronary artery disease was defined as a significant coronary stenosis in more than one major coronary branch as revealed by coronary arteriography or positive findings on the exercise myocardial perfusion scintigram.
Statistical Analysis
Statistical analyses were performed using an SAS software package (SAS Institute Inc, Cary, NC, USA). Results are presented as mean ± SD. Comparison of continuous variables between groups was made by Student's unpaired 2-tailed t test. Categorical data, which are presented as rates, were compared by the chi-square test. A multiple stepwise logistic analysis was performed to extract risk factors associated with high stiffness in the aortic wall. Statistical significance was assumed for p values of less than 0.05. 
Results
The clinical characteristics, including the atherogenic or coronary risk factors, of the subjects are summarized in Table 1 . No significant differences in BMI, FBS or lipid data were observed between the younger and older groups. The prevalence of diabetes mellitus or hyperlipidemia, smoking behavior, family history of cardiovascular diseases, and coronary artery disease were not significantly different between the 2 groups. The older group included more females and more hypertensive subjects. Age and HDL-C level were significantly higher in female subjects than in male subjects. The BMI, FBS, TC, TG, and LDL-C levels were not significantly different. Prevalence of smoking behavior was significantly higher in male subjects than in female subjects, and the other categorical data were not significantly different.
Wall properties and blood pressures are shown in Table 2 . Although in the older group, Ds, Dd, and SBP levels were significantly higher than in the younger group, the ∆D was significantly lower than that of the younger group. Therefore, Ep and in the older group were significantly higher than in the younger group. IMT showed no difference between the groups; it ranged from 0.4 to 1.0 mm in the older group, and from 0.3 to 1.2 mm in the younger group. Thoracic aortic plaque was observed more frequently in the older group. The Ds, Dd, and ∆D were significantly lower in female subjects than in male subjects, but the SBP, ∆P, and Ep were higher. The DBP, , IMT, and prevalence of thoracic aortic plaque were not significantly different.
To investigate the factors associated with aortic wall stiffness, the subjects were divided into 2 groups in terms of the wall stiffness parameters (Ep and ) using the median values: high-stiffness group ( >8.0 or Ep >1.0) and low-stiffness group ( ≤8.0 and Ep ≤1.0). Table 3 shows that the high-stiffness group contained older subjects with higher SBP, ∆P and TG levels, and greater prevalence of hypertension. The proportion of male and female subjects was not significantly different between the 2 groups. Antihypertensive drugs (calcium channel blockers, angiotensin converting enzyme inhibitors, -blockers and diuretics being the most common) either alone or in combination with other drugs, were taken by 42.9% in the low-stiffness group and 44.4% in the high-stiffness group. No significant differences between the 2 groups were recognized in the proportions using anti-hypertensive drugs. The usage rates of antihyperlipidemic drugs were also not significantly different between the 2 groups. Although digitalis was more frequently used in the high-stiffness group, the proportions of patients with atrial fibrillation were not significantly different in the 2 groups. In the patients with mild atherosis (IMT <1.0 mm), aortic wall stiffness was associated with older age, higher BMI, SBP, ∆P, TG levels, and greater prevalence of hypertension (Table 4) . In these subjects, there were no significant differences between the 2 groups in the proportions using anti-hypertensives, anti-hyperlipidemics and digitalis, or of the number of patients with atrial fibrillation. In order to extract factors associated with high wall stiffness, multiple logistic stepwise analysis of 6 variables (age, BMI, SBP, ∆P, TG level, and prevalence of hypertension), which were significant factors in the univariate analysis, was performed and revealed that age, ∆P, and TG level were significant risk factors (odds ratios, 1.044, 1.043, and 1.011, respectively; p<0.05).
Discussion
Isolated systolic hypertension and wide pulse pressure may reflect atherosclerotic disease, 5, 13 and a wide pulse pressure may also be associated with subsequent cardiovascular complications, particularly myocardial infarction. 6 Large conduit vessels such as the aorta appear to be particularly susceptible to blood pressure because of their continuous exposure to pulsatile pressure and shear stress. [1] [2] [3] In the present study, the aortic wall stiffness in the older group was significantly higher than that of the younger group. Although aortic plaque was more prevalent in the older group than in the younger group, the IMT in the aorta did not differ between the 2 groups. Even in the early phase of atherosclerosis, age and pulse pressure were related to wall stiffness. These wall stiffness indices could be markers for the early detection of sclerotic change in the aorta.
Several previous studies using TEE have demonstrated age-related stiffening of the aorta. 7-10 Blankenhorn and Kramsch advise that studies of atherosclerosis should use a combination of measures to evaluate both atherosis and sclerosis, 14 and suggest that atherosis represents the grade of atheroma morphologically, and that sclerosis represents functional changes in arterial stiffness. Although in an echographic study the thickness of the intima -media complex can be separately measured as an index of atherosis and the stiffness parameter as an index of sclerosis, 7 atherosis and sclerosis possibly influence each other. We used TEE to separately assess atherosis and in patients with early atherosis, and to estimate sclerosis using a quantitative method that was influenced little by the presence of atherosis.
There have been several explanations for increased arterial stiffness with age, including an increased ratio of collagen to elastin, qualitative deficiency of the wall elements, augmented relative wall thickness (medial hypertrophy and proliferation), changes in smooth muscle tone, and so on. [1] [2] [3] [7] [8] [9] [10] 15, 16 In the present study, even in the older group with mild atherosis of the aortic wall, age was a factor related to aortic wall stiffness. Diffuse intimal thickening may represent an early preplaque stage of atherosclerosis and current studies have shown a highly significant agerelated increase in intimal thickness of the thoracic aorta, similar to findings in the carotid artery. [17] [18] [19] [20] Although the presence of aortic plaque was observed more frequently in the older group, the IMT in that group was not significantly different from the younger group, so in the present study atherosis of the aortic wall was relatively mild even in the older subjects.
Animal and human studies suggest that TG-rich lipoproteins may be atherogenic, [21] [22] [23] and atherosis or IMT has been related to TG level in several reports. [24] [25] [26] With regard to aortic stiffness, it has been the TG level, not TC or LDL-C levels, that has been associated with decreased common carotid arterial distensibility in healthy non-diabetic middleaged women. 27 Furthermore, previous reports have shown that in patients with familial hypercholesterolemia, severe dyslipidemia can lead to impairment of the elastic properties of the aorta before the clinical manifestation of atherosclerosis. 28, 29 In an animal study, thoracic aortic wall stiffness increased before intimal atheromatous lesions developed during the early stage of atherosclerosis when the serum cholesterol level was high. 30 In the present study, the TG level was a significant risk factor for high wall stiffness, but not the TC or LDL-C levels. The TG level has been shown to have a stronger association with atherosclerosis in women than in men. 23, 25 Although the high wall stiffness group had more females, the proportion of male and female subjects was not significantly different in the present study. Raising the HDL-C level and lowering the TG level are anti-atherosclerotic in effect, [31] [32] [33] but in the present patients with mild atherosis, the TG level was associated with high wall stiffness irrespective of the HDL-C level. The relationship between hypertriglyceridemia and aortic wall stiffness is not clear, but our study suggests that the serum TG level, being related to atherogenesis, may influence not only atherosis but also aortic wall stiffness in the early stages of atherosclerosis.
Study Limitations
First, our data were obtained by measuring a localized segment of the thoracic aorta, not the whole aorta nor systemic arteries. Second, sphyngomanometric brachial artery pressure was used as a measure for central aortic pressure. In both normal subjects and patients with coronary artery disease, the pulse pressure measured by sphyngomanometry is lower than the pulse pressure measured directly by catheterization, 34 so using central aortic pressure could have demonstrated more significant differences in aortic stiffness between the young and old subjects. Concerning the measurement of the stiffness parameters, many of the present patients had atrial fibrillation, so we endeavored to make the M-mode recordings and brachial arterial cuff blood pressure readings simultaneous, and used the mean values. Third, the results of our study included the analysis of patients with various diseases, because our subjects were selected from a group of patients who were referred for TEE to assess cardiovascular disorders. Selection biases should be expressed as compared with a population-based study.
Conclusions
Older age, increased pulse pressure, and increased TG level are possible risk factors for high wall stiffness of the aorta in patients with mild atherosis. Further study is needed to certify whether these indices can become an early predictor for cardiovascular complications in patients with early stage of atherosclerosis.
